Screens of organisms with disruptive mutations in a single gene often fail to detect phenotypic consequences for the majority of mutants. One explanation for this phenomenon is that the presence of paralogous loci provides genetic redundancy. However, it is also possible that the assayed traits are affected by few loci, that effects could be subtle or that phenotypic effects are restricted to certain environments. We assayed a set of T-DNA insertion mutant lines of Arabidopsis thaliana to determine the frequency with which mutation affected fitness-related phenotypes. We found that between 8% and 42% of the assayed lines had altered fitness from the wild type. Furthermore, many of these lines exhibited fitness greater than the wild type. In a second experiment, we grew a subset of the lines in multiple environments and found whether a T-DNA insert increased or decreased fitness traits depended on the assay environment. Overall, our evidence contradicts the hypothesis that genetic redundancy is a common phenomenon in A. thaliana for fitness traits. Evidence for redundancy from prior screens of knockout mutants may often be an artefact of the design of the phenotypic assays which have focused on less complex phenotypes than fitness and have used single environments. Finally, our study adds to evidence that beneficial mutations may represent a significant component of the mutational spectrum of A. thaliana.
Introduction
A long-standing challenge in evolutionary biology is to understand when and how mutations will have consequences for the phenotype, ideally informed by our knowledge of the features of a genome. For example, a consequence of gene duplication is the development of a set of genes in the genome with highly similar sequences, known as gene families. These families expand and contract in size over time through mutation (Henikoff et al., 1997; Demuth & Hahn, 2009) . Evolutionary change in the function of individual genes in a gene family may occur after duplication, and such changes can lead to neofunctionalization (Ohno, 1970; Pushker et al., 2004) , subfunctionalization (Presgraves, 2005) , deletion or pseudogenization (Harrison & Gerstein, 2002) . Another possible fate has been proposed for duplicate genes: both genes may persist and provide the original function, a phenomenon broadly termed redundancy. Genetic redundancy thus occurs when there are multiple loci with high sequence identity, where loss of function at one locus does not in itself result in a mutant phenotype (Nowak et al., 1997; Briggs et al., 2006; Hanada et al., 2009; Lloyd & Meinke, 2012; Cereda et al., 2016) .
Some recent models have postulated that genetic redundancy may play a significant role in evolution, including in adaptation and in establishing genetically robust systems (Diss et al., 2014; Fares, 2015; Yeaman, 2015; Yona et al., 2015; Albalat & Cañestro, 2016) . Empirical evidence in yeast is divided regarding the role of duplicate genes and the presence of other gene family members in providing genetic redundancy (Keane et al., 2014; Plata & Vitkup, 2014; Soria et al., 2014; Szamecz et al., 2014) . Several authors have suggested that gene duplication, part of the dynamic of expanding gene family size, contributes to genetic redundancy and robustness to mutation (Levasseur & Pontarotti, 2011) . Copy number variants within plants, and within Arabidopsis, have been described to be more common in large multigene families (reviewed in _ Zmie nko et al., 2014). Selection may also favour appropriate levels of gene dosage (reviewed in Kondrashov, 2012; Conant et al., 2014) . However, the effects of family size may be a consequence of a few particular large families that are especially likely to have copy number variation (McHale et al., 2012; _ Zmie nko et al., 2014) . The lack of phenotype associated with copy number variants has been ascribed to weak selection on individual members on these large families ( _ Zmie nko et al., 2014) . Decreases in gene family size have been ascribed to the presence of predictable environments and subsequent reduced requirement for robustness (Mendonc ßa et al., 2011) . However, in yeast, increasing the number of paralogs did not improve robustness (Pasek et al., 2006) . Similarly, in mice, there was no difference in the proportion of genes identified as essential in small and large gene families (Liao & Zhang, 2007) .
Results from reverse genetic studies suggest that redundancy may be a common phenomenon. The lack of discernible phenotypes of organisms with a singlegene knockout is frequently ascribed to redundancy of gene function and is sometimes termed the 'knockout paradox' (e.g. Rautengarten & Steinhauser, 2005; Wang et al., 2005; Spike et al., 2008; Hanada et al., 2009; Brady et al., 2011; Papp et al., 2011; Bolle et al., 2013; Gandotra et al., 2013; Hauser et al., 2013; Albalat & Cañestro, 2016) . In Saccharomyces cerevisiae, most singlegene knockout mutants have no observed phenotype when grown in rich media (Giaever et al., 2002) . In Caenorhabditis elegans,~10.3% of 16 757 genes showed clear phenotypes in a systematic RNAi screen (Kamath et al., 2003) . A similar level of difficulty in finding knockout phenotypes has also been reported for Arabidopsis thaliana, with prior studies generally reporting fewer than 10% of knockouts having phenotypes (Bouch e & Bouchez, 2001; Cutler & McCourt, 2005; Briggs et al., 2006; Hanada et al., 2009; Lloyd & Meinke, 2012; Bolle et al., 2013; Simon et al., 2013) . A large survey of 4000 insertion lines in A. thaliana estimated that < 4% of knockouts resulted in detectable qualitative and categorical phenotypes (Kuromori et al., 2006; Hanada et al., 2009) . Similarly, a study of T-DNA insertion lines in Arabidopsis that focused on leaf traits was only able to detect phenotypes in 3.6% of mutants (Wilson-S anchez et al., 2014) .
There are several potential alternative explanations other than redundancy for a lack of observed phenotypes in mutant screens. The phenotypes chosen for study may in fact be largely environmentally determined or only distinct from wild type in some environments (Schlichting, 2008; Lloyd & Meinke, 2012; Albalat & Cañestro, 2016) . Aspects of the experimental design (especially replication in terms of numbers of individuals measured) and the type of trait measured (e.g. whether a qualitative or quantitative trait is assayed, the numbers of loci influencing the trait, developmental stage) may impede detection of subtle shifts in phenotypes. Consequently, assays that evaluate phenotypes that are affected by many loci (such as fitness) in multiple environments and that incorporate replication may be more likely to detect phenotypes.
Here, we assay fitness measures in A. thaliana in 116 Salk T-DNA insertion mutation lines to evaluate the redundancy hypothesis. T-DNA insertion has frequently been applied to understand the effects of gene disruption in Arabidopsis (Krysan et al., 1999) . Our approach focused on measures of macroscopic traits involved in survival and reproduction, each measured on multiple mutant individuals, and across environments for a subset of traits. Fitness traits are of particular importance to study because of their critical role in evolution by selection, and thus are directly relevant to the possibility of adaptive redundancy.
We hypothesize that genetic redundancy for fitness is a rare, environmentally influenced phenomenon. We make three specific predictions, all of which are in contrast with a notion of common, adaptive redundancy which predicts little effect of mutation, especially in genes from large gene families. We aimed to evaluate the following predictions: 1 It will be common for homozygous null mutants at a single locus to have effects on fitness. 2 The size of a gene family will not predict the effects of null mutations in its members. 3 The fitness effect of mutants will be environmentally context dependent, such that phenotypes detected in one environment may be altered in different environments.
We successfully detected mutations in many null mutants, and found evidence for environmental context dependency of the effects of those mutations.
Materials and methods

Insertion mutation lines
We obtained 116 insertion mutant lines of A. thaliana from the Salk Institute confirmed homozygous T-DNA insertion mutant collection at ABRC (Table S1 ). Before distribution of seed, the Salk Institute confirmed that each insertion line from this collection contains an insertion of Agrobacterium T-DNA in the Arabidopsis genome expressing a kanamycin resistance gene (NPTII) (Alonso et al., 2003) . Flanking regions around the insertion were sequenced by the Salk Institute to determine the location of the insertion (O'Malley et al., 2007) . After allowing the mutant lines to self, lines were screened by the Salk Institute to remove all nonhomozygote lines (O'Malley & Ecker, 2010) . Previous reports have shown that in most cases, the T-DNA insertion will cause loss of gene function (Alonso et al., 2003; Wang, 2008; Kuromori et al., 2009) .
Lines were selected such that they had metabolic or regulatory functions and came from a range of gene family sizes (singletons to families of approximately 380 members; Table S2 ). In addition, we included all available Salk T-DNA insertion lines in MADS-box family genes because the contribution of this family to Arabidopsis floral development is well described, is thought to involve redundant loci and we expected many loci to have effects on fitness (Coen & Meyerowitz, 1991; Krizek & Fletcher, 2005; Veron et al., 2007) .
Genotyping
Although the Salk T-DNA lines have been described as a 'unimutant' collection, prior studies have demonstrated that a majority of lines contain multiple T-DNA insertions (O'Malley & Ecker, 2010; Gase et al., 2011) . While the location of one insertion has been determined, the presence and genomic locations of additional insertions are unknown. Additional T-DNA insertions may, or may not, have an effect on phenotype (Valentine et al., 2012) especially considering that many multiple T-DNA insertions are tandem insertions in the same locus (R ıos et al., 2002) . We screened a majority of the lines (113 of 116) to determine whether there was a single insert or multiple inserts at the same locus or at other locations in the genome, and include specific methods in the supporting information. In this sample of lines, we found no signal of insert number (linear regression, F 1,112 = 0.01, P = 0.7) on our primary fitness response variable (Figs S1 and S2).
Greenhouse trials: single environment
Seeds were stratified at 4°C for 10 days before planting in the greenhouse, and the fraction of seeds that did not germinate was recorded. Lack of germination could be due to nonviability or dormancy. Ten replicates (when available) of each of the 116 Salk T-DNA insertion lines and 121 replicates of Columbia (Col-0 or CS60000 -from which the T-DNA lines were derived) were planted in a completely randomized design. Plants were grown in a single greenhouse in the autumn with no supplemental lighting. Each plant was grown individually in a 3.5″ (7.5 cm) square pot in potting medium without additional fertilization. Plants were watered regularly with moist potting mix maintained throughout the experiment. We noted any plant that died before flowering.
All aboveground plant material was harvested after 90% of plants had completely senesced. After harvest, we counted fruit (silique > 0.5 cm with seeds) and flower number. Plants that died before flowering were scored as producing zero fruit.
Greenhouse trials: multiple environments
To evaluate the consistency of fitness effects of the mutant lines, twelve lines selected randomly from two specific groups -lines that produced more fruit than the control (i.e. beneficial mutants) and lines that produced fewer fruit [i.e. deleterious mutants in the single-environment assay (Table S1 )]. Our intent was to evaluate whether these mutations were consistently beneficial or deleterious in the face of variable environmental conditions. Therefore, these chosen lines were then included in three additional environmental assays. We chose environmental assays previously shown to uncover variation in performance among natural accessions (Pigliucci & Schlichting, 1995; Baird et al., 2011) . Plants were grown in three treatments: high water, high nutrients and a control. The high water treatment, a condition known to be stressful for A. thaliana (Kolodynska & Pigliucci, 2003) , included 60 mL of water three times per week (see also methods in Baird et al., 2011) . The high nutrient treatment included a supplement of five pellets of Osmocote, a fertilization rate known to elicit a positive size response in many natural accessions (Pigliucci & Schlichting, 1995) . Each treatment included ten replicates per line of each of these 12 Salk T-DNA lines, ten replicates of the Columbia wild type (Col-0, CS60000) and two replicates of ten natural accessions planted in a randomized design. The ten natural accessions (Table S3) were included to provide a context of natural variation for the variation observed among the Col-0 and mutant plants and were chosen from accessions studied in previous surveys of A. thaliana natural variation (Nordborg et al., 2005) . The multi-environment experiment took place in the greenhouse during spring when day lengths were initially short and gradually increased in length. It is worth noting that the control treatment in the multienvironment experiment employed the same potting mix and planting strategy as the single-environment experiment, yet differed in the seasonal light environment. Fitness-related traits were measured as in the single-environment experiment.
Analysis
Fitness was estimated by total number of fruits set. The number of fruits produced by A. thaliana has been shown to be correlated with the total number of seeds produced (Westerman & Lawrence, 1970; Maruicio & Rausher, 1997; Mauricio, 1998; Malmberg et al., 2005; Agren & Schemske, 2012) . Many of the reproductive and life-history traits we measured were correlated, but there were no obvious trade-offs between traits (Fig. S3) , and a similar measure that included the germination rate of the seeds sown when generating experimental plants did not yield substantially different patterns (Fig. S4 ). To assess whether the fitness consequences of a particular mutant were positive or negative relative to the nonmutant control, we calculated a fitness deviation from the mean control plant for each replicate in the study (Table S1 ). These fitness deviations serve as the response variables in the hypothesis tests regarding fitness effects. We acknowledge that the mean fitness deviance for each line has an associated sampling variance. To compare the mean effects of mutants to the control Col-0, we simulated this sampling process and generated a null distribution of fitness deviances for the control lines. This null distribution was created by repeatedly resampling 10 individuals from the control replicates. The null distribution (illustrated in Fig. 1 ) describes the uncontrolled experimental variance in this trial. Mean fitness deviances of individual mutant lines were then compared to this null distribution. In addition to this randomization procedure, we used a linear model to analyse the fruit number for the entire sample of plants. In this analytical approach, we treated mutant lines as fixed effects and set the control as the reference (intercept) to each mutant line. The model was fit using ordinary least squares. This analysis resulted in 115 contrasts between line means and the control. We used two approaches to account for these multiple comparisons. First, we Bonferroni-corrected significance estimates on the contrasts to determine which lines were significantly different from the control. Bonferroni corrections are known to be overly conservative (Garcia, 2004) and in this case are likely to under-report the number of lines that differ from the control. As a result, we also used q-values estimated with the R package fdrtools (ver 1.2.15) to provide alternative family-wide corrections for multiple tests.
To examine whether gene family size influenced our findings, we performed a mixed model analysis of variance on the mean deviation in fitness from the Col-0 ancestor for each mutant line in a model that used both gene family size and functional category (regulatory or not; see Table S2 ) as explanatory variables. We treated mutant line as a random effect and examined the fixed effects of gene family size as well as functional category upon fitness deviation and implemented models using 'lme()' in the R package 'nlme' (ver. 3.1-120).
Multiple environment analysis
We fit a mixed-effects model to examine difference in fitness measures based on silique number (or a combined measure of silique number and germination rate as reported in supplemental material) due to different treatments (control, high nutrient and high water environments) and genotypes (genetic background, T-DNA mutant and natural accessions) and their interactions (as a measure of genotype by environment). In addition, we used analysis of variance to assess whether the performance of a line (high or low fitness relative to the genetic background control) in the initial experiment predicted performance in the multiple environments. These analyses were conducted using the 'lme' function in the R package 'nlme' (version 3.1-128).
Results
Greenhouse trial: single environment
When grown together in the same greenhouse conditions, we detected more variation in fitness among the Salk lines than within the over-replicated ancestral control line (Fig. 1) . Bonferroni-and q-value-corrected comparisons revealed that 0% and 16%, respectively, of the Salk T-DNA lines had fitness lower than the control lines. Using the same two multiple-test adjustments, we found that 8% and 24%, respectively, of the lines had fitness above the control means. This increase was by more than a factor of 2 in several cases (high lines below). Finally, we used the simulated null control distribution to test the same hypothesis and found that 17% of lines had fitness greater than 97.5% of the resampled controls. This approach also estimated that 25% of Salk T-DNA lines had fitness lower than 2.5% of the resampled controls (Fig. 1) . Overall, the three approaches estimated percentages of Salk T-DNA insertion mutation lines that differed in fitness from the control that ranged from 8% to 42%. Furthermore, power analyses suggest that higher replication would have led to detection of additional phenotypes (Supplementary Materials, Figs S5-S10). When T-DNA mutants for MADS-box family genes were compared to controls, we observed the predicted decrease in reproductive output in the mutant lines. Mean fruit number significantly declined by 12 fruits (32%) in MADS-box mutants relative to the control (one-way ANOVA, F 1,227 = 10.4, P = 0.006). The proportion of MADS-box mutants with detectable phenotypes was similar to the overall proportion of lines with detectable phenotypes. Three of the genes examined had reproductive output greater than the control (AT4G22950, AT4G02235, AT3G57230); none of which have been previously directly implicated in reproduction. Conversely, three of the four lines with the lowest reproductive output were mutants of genes important in embryo and fruit development (AT4G22950, AT5G27960, AT5G15800).
When Salk lines from all sampled loci are considered together, there is no detectable relationship between gene family size and fitness deviation from Col-0 ancestor (Fig. 2) . There is marginal support for the hypothesis of buffering due to gene duplications in regulatory gene families ( Fig. 2 ; LRT, G = 3.39, P = 0.068; mixedeffects model considering Salk T-DNA insertion line as a random intercept).
Greenhouse trials: multiple environments
In a second experiment, we conducted a multiple environment experiment with a subset of the Salk T-DNA lines that exhibited fitness deviances from the ancestral Col-0 in the first experiment at both the upper and lower extremes (high-and low-performing lines). Our intent was to evaluate whether mutations were consistently beneficial or deleterious across assay environments. Replicate plants per line were subjected to high water, high nutrients and a control treatment designed to mimic ecological variation in the ruderal populations found in the native range of Arabidopsis (Ferguson et al. 2016) . In addition to the ancestral Col-0 control, a set of natural accession phytometers (following the tradition of Clements & Goldsmith, 1924; Antonovics et al., 1987; Bell & Lechowicz, 1994) were employed and replicated across environments (Table S3 ) to contextualize mutant line variation within natural variation.
The fitness of individual Salk T-DNA mutant lines and unmutated controls was highly environment dependent. Furthermore, the fitness of individual lines relative to the unmutated ancestor changes among environments. Most reaction norms of the mutant lines cross that of the ancestor. In other words, the effects on relative fitness of disrupting a single gene's function through insertion mutation vary across environments. We detected a significant (P < 0.001) genotype-byenvironment (G9E) interaction when these performance traits are analysed by two-way fixed-effects ANOVA, where genotypes are the mutant Salk T-DNA lines and the Col parental line. In an analysis that included natural accessions, in addition to the Col-0 and Salk lines, we also detected a significant G9E interaction. Although the G9E effects were strong in this multi-environment experiment, performance in the single-environment experiment does have predictive power in the multiple environment experiment (P < 0.001). In particular, several lines that performed poorly in the initial single-environment experiment continued to show decreased performance in comparison with the Col ancestral lines in each of the environments in the second experiment (Fig. 3) . When the natural accessions were included, these results remained unchanged. For example, the line SALK_134535C, which has a T-DNA insertion at a homeobox-leucine zipper protein (locus AT2G01430), had a consistently negative effect on reproductive performance across all environments.
Placing these results in the context of natural variation demonstrates that variation in the T-DNA mutant lines is within the range of fitness variation observed in the same environments for natural accessions (grey region in Fig. 3 ) in the spring greenhouse environment and the manipulated high water environment. In the treatment that increased nutrients, four Salk T-DNA lines had phenotypes above the range observed in the natural accessions (grey region). Additionally, the control (red line: Col-0) performed more poorly than nine of the mutant lines in the high nutrient treatment, two lines in the control spring environment and two lines in the high water environment, suggesting that the mutations tended to be deleterious in two of the environments but the majority were beneficial in the third. Overall, high-and low-performing lines from the single-environment experiment responded differently to a set of ecologically relevant environmental treatments (P = 0.01, interaction between treatment and prior experiment performance in two-way ANOVA). This effect is driven primarily by low-performing lines that showed little increase in reproduction in the presence of high nutrients (bold, dashed lines in Fig. 3 ), whereas the high-performing lines had elevated reproduction in the high nutrient environment. In addition, variation between line performances between the fall and spring greenhouse assays was observed. Such variation is not surprising as the greenhouse environment differed across seasons, due to changes in duration of natural sunlight.
Discussion
Fitness phenotypes are common in T-DNA insertion mutants
We provide evidence that T-DNA insertion mutations frequently affect complex fitness-related phenotypes. Our findings contrast with previous screens of similar mutant collections in Arabidopsis and other model organisms, which found very low rates of detectable phenotypes. Our assays involved macroscopic traits related to reproductive performance in three ecologically informed environments with replication measured in a single environment. It is likely that enhancing any aspects of the assay (e.g. replication, number of lines) will uncover additional mutational effects on fitness.
Many mutant phenotypes, even those associated with knockouts, may have small effects or incomplete penetrance. For this reason, screens that have small levels of replication of individuals of each mutant may not have sufficient power to detect phenotypic differences from the wild type. In addition, qualitative observation of characters like seed yield that categorize plants into two distinct groups (e.g. very high or low yield plants) may miss quantitative mutants that change reproductive output by a small percentage.
Mutations in a gene that is truly redundant would behave as neutral mutations and will be fixed or eliminated by random processes (Nowak et al., 1997) . However, divergence between loci in mutation rates, functional efficacies for multiple traits or differential expression levels can preserve redundancy, especially partial redundancy (Nowak et al., 1997; P erez-P erez et al., 2009; Qian et al., 2010; Brady et al., 2011; De Smet & Van de Peer, 2012) . The presence of redundant genes has also been suggested to be adaptive for transcription factors and transcriptional binding sites via the reduction of stochastic effects on transcription (Brady et al., 2011; Spivakov, 2014) . However, our findings of frequent mutational effects on fitness measures in Salk T-DNA mutant lines suggest genetic redundancy may be less prevalent than previous mutant screens suggested.
The importance of fitness phenotypes
Fitness can be measured through a variety of proxy phenotypes -of which measures of survival and reproductive success are particularly informative. Because so many mutations affect fitness indirectly and pleiotropically through the life of an organism, fitness-related measurements become large phenotypic targets for detecting mutation effects (Lynch et al., 1999) . Mutations that affect fitness may be involved in genes very proximate to fitness traits (such as flower development or seed size in plants) or may be involved in traits or metabolic pathways with cascading and subtle effects as development unfolds (Stanton, 1984; Mackay, 1996; Metcalf & Pavard, 2007) . Surveys of knockout phenotypes in yeast and Drosophila have measured quantitative fitness-related characters to successfully detect mutant phenotypes (Hillenmeyer et al., 2008; Ramani et al., 2012) . In addition, an examination of phenotypic effects of knockouts in mice indicated that fitness measures are critical for detecting phenotypic effects that 
are otherwise cryptic (Ruff et al., 2015) . An additional benefit of working with macroscopic traits is that the relative ease of measurement of these traits also lends itself to replicated measurement. These replicated measurements allow a framework of statistical analysis for detecting mutant phenotypes that can uncover quantitative phenotypes that may be too subtle to detect with visual inspection but that may be biologically important. Previous phenotypic screens of similar insertion mutants in A. thaliana have primarily emphasized qualitative or morphological traits measured at specific developmental stages (i.e. Kuromori et al., 2006; Brady et al., 2011; Simon et al., 2013; Wilson-S anchez et al., 2014) and thus may have missed a phenotypic effect that can be detected by measuring fitness. We examined several surveys of Arabidopsis mutants, including surveys of T-DNA mutants (Kuromori et al., 2006; Lloyd & Meinke, 2012; Wilson-S anchez et al., 2014) . We identified sets of loci with associated mutants that had been phenotyped in our study and in other studies. Kuromori et al. (2006) examined a number of specific categorical morphological phenotypes (such as unusual leaf shape, seedling coloration or silique shape), and examined 23 lines with mutations in loci overlapping with our study. They found only one of the 23 lines to have a phenotype, a result that mirrors their overall finding of 4% of studied lines having a detectable phenotype (Kuromori et al., 2006) . We found phenotypes for 12 of the 23 loci, including the locus reported in the Kuromori et al. (2006) study. The Phenoleaf project (Wilson-S anchez et al., 2014) also worked with Salk T-DNA insertion mutants, examined leaf-related phenotypic characters and had 113 lines overlapping with our study. Phenoleaf reported six loci with definitive phenotypes, and we detected fitness-related phenotypes for four of those loci. In addition, they had mixed or ambiguous evidence for phenotypes in 31 additional lines and classified these as 'partial' phenotypes. We found phenotypes in 19 of the 'partial' phenotype lines. Finally, there were 34 lines for which we found phenotypes and they did not, and 42 lines for which there were not phenotypes detected in either study. A literature-based survey of mutants with known effects (Lloyd & Meinke, 2012) reported mutants with effects in 20 loci that are in our study. The type of reported phenotype varied widely; examples include 'sensitive to limited zinc', 'dwarf' and 'slightly early flowering under short days'. Our study found fitness-related phenotypes for 11 of the 20 loci reported by Lloyd & Meinke (2012) . It is difficult to directly compare the rate of phenotype detection in our study with the survey of Lloyd & Meinke (2012) , as the survey reports cases only where phenotypes had been detected in at least some studies, and does not report loci for which no phenotypes had been found. Overall, our study appears to have a higher rate of detection of phenotype than similar surveys when mutants in the same loci are examined.
Beneficial disruptive mutations
Although it is frequently assumed that the vast majority of mutations are deleterious (Gillespie, 1984; Eyrewalker & Keightley, 2007; Charlesworth, 2012) , recent evidence has indicated that a considerable proportion of mutations may be beneficial, including in A. thaliana (Shaw et al., 2000; MacKenzie et al., 2005; Rutter et al., 2010 Rutter et al., , 2012a . Consistent with this pattern, we found that a substantial fraction of insertion mutations increased fitness relative to the control lines (although more mutations were deleterious than beneficial). When this pattern of beneficial mutations was found in mutation accumulation lines, one explanation considered was that within-plant selection had purged deleterious mutants (Otto & Orive, 1995; Shaw et al., 2000; Rutter et al., 2012b) . Such within-plant selection is unlikely in the case of the insertion mutants employed here, as the insertions had already passed through multiple generations during development of the lines.
Instead, it appears that at many loci in A. thaliana, lossof-function mutations can be beneficial, at least in the greenhouse conditions assayed here. Disruption through deletion and loss-of-function mutants seems to be common within the A. thaliana lineage and within many A. thaliana populations (Rutter et al., 2012a; Long et al., 2013) , and in general, examinations of natural populations of A. thaliana suggest that this species appears to be undergoing a period of genome reduction (Rutter et al., 2012a) . Disruptive mutations may be beneficial when gene function is unnecessary in the assay conditions, or when non-wild-type phenotypes (such as additional branching) are beneficial under the assay conditions (Albalat & Cañestro, 2016) . Disruptive mutations may also differ from point mutations in that expression may be completely suppressed rather than leading to misexpression or expression of an aberrant gene product. Subsequent examination of other types of mutations in the same genes (point mutations, etc.) or multiple insertion alleles at the same locus (Valentine et al., 2012) would reveal whether our results hold more generally.
Mutation effects vary across assay environments
We found that T-DNA mutant lines were variable in performance across environments. Similar effects are seen in other mutant screens, and genetically based plastic responses are widely described in the evolutionary literature across organisms (Fry et al., 1996; Schlichting & Pigliucci, 1998; Kishony & Leibler, 2003; Xu, 2004; Baer et al., 2006; Pfennig et al., 2010; Vale et al., 2012; Hietpas et al., 2013; Latta et al., 2015) . In yeast, assays of growth phenotypes in deletion mutants across environmental conditions led to expression of hidden phenotypes (Hillenmeyer et al., 2008) . Only 34% of yeast knockout strains show altered fitness phenotypes when grown in rich media (Winzeler, 1999; Giaever et al., 2002) , but when challenged with multiple environments, 97% of knockout strains had a fitness phenotype in at least one environment (Hillenmeyer et al., 2008) . In animals, it appears that a much higher proportion of loci affect fitness in single environments (Ramani et al., 2012) . In Arabidopsis, fitness effects of mutations in mutation accumulation lines varied between field environments (Rutter et al., 2012b; Roles et al., 2016) .
We found that the relative performance of mutant lines is dependent on the assay environment. For example, lines that had lower fitness measures than the Columbia ancestor in the control and high water environment outperformed Columbia under high nutrient conditions. These results support findings in yeast, where mutant screens across environments influenced detection of mutant phenotypes and whether mutations were beneficial or deleterious (Hillenmeyer et al., 2008; Hietpas et al., 2013) . Here, we evaluated fitness in environments set up to mimic natural ecological variation observed in the native and non-native ranges. Despite the variability in mutant performance across environment, performance in a single environment was still roughly predictive of performance in the other assay environments.
There is debate about what the consequences of stressful environments will be on the effects of mutation (Martin & Lenormand, 2006 Agrawal & Whitlock, 2010) . We noted that in control and high water environments, the variation among natural accession phytometers was greater than the mutant lines assayed. However, in the high nutrient environment, several mutant lines outperformed this set of natural accessions. The functional relationship between mutations at these loci in natural accessions and ecological variation has yet to be determined.
Genetic redundancy from gene family size
Genetic redundancy may be adaptive if there is a distinct selective advantage to lineages that have multiple, similar copies of genes in a gene family (Nowak et al., 1997; Briggs et al., 2006; Kafri et al., 2009; Zhang, 2012) . If a particular gene is made nonfunctional -via mutation, developmental error, epigenetic effects or environmental factors -gene families may contain 'backup' copies that still provide functionality, that is provide genetic robustness (Nowak et al., 1997; Gu et al., 2003; Vavouri et al., 2008; Hanada et al., 2009; Fares, 2015) . Thus, the expected effects of mutation in genes with close duplicates would be expected to be small (Vavouri et al., 2008) . Our approach is complementary to functional and comparative studies that have tested these hypotheses. However, we did not detect an overall relationship between gene family size and fitness effects of mutation. We did observe a weak relationship in putatively regulatory gene families.
Implications for genetic redundancy
Our findings are inconsistent with several key predictions of the common adaptive redundancy hypothesis. First, we found that mutants affecting fitness phenotypes were common. This contradicts the essential idea of redundancy that lines with disruptive mutations should not have detectable phenotypes because other loci are providing their function. Additionally, we found that many mutants increased fitness -implying that in our standard greenhouse assay environment, normal gene functions can result in low fitness. Again, this is contrary to the idea that redundancy exists to provide buffering against mutational disruption of gene function. Finally, we found weak evidence for a relationship between gene family size and fitness.
If a large proportion of mutations have effects on fitness phenotypes, then genetic redundancy may not be the result of selection for robustness but may be a result of other factors. Loci may be redundant for a particular phenotype under investigation, but can still be under selection. Mutational effects may be cryptic in the benign or seasonal assay environment (Davies et al., 1999; Schlichting & Murren, 2004; Hillenmeyer et al., 2008; Masel & Trotter, 2010) or affecting unmeasured phenotypes (Giaever et al., 2002; Simon et al., 2013) . Consequently, screens in ecologically informed environments are important and uncover key reasons why phenotypes are not always identical between genotypes. It may be premature to conclude that genetic redundancy is widespread or that redundancy requires special evolutionary explanations for its prevalence (e.g. Diss et al., 2014; Fares, 2015; Albalat & Cañestro, 2016) . Phenotypic effects on fitness traits of many Arabidopsis mutants are now being catalogued in databases (i.e. Lloyd & Meinke, 2012; Wilson-S anchez et al., 2014; Bouch e et al., 2016; arab idopsisunpak.org) . Expanding phenotypic screens to include more traits and distinct ecologically relevant environments will provide a much more complete description of the contribution of individual loci to evolutionarily and ecologically important complex phenotypes.
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